The issues discussed in this chapter are of interest of both the manufacturers and the experts responsible for condition of the track superstructure. In general, stress in steel elements may affect the energy state, phase changes, and corrosion. It may reduce fatigue strength and cause damage and cracks of the rails. It is one of the causes of accelerated development of standard railhead defects. Proper selection of, e.g., bending process parameters provides uniform distribution and acceptable level of residual stresses in the bent components. Residual stresses that develop during manufacturing process in the railway turnout steel components can change their strength properties. The first part of this chapter presents ultrasonic measurement method and computer simulation that allowed to develop a method to diagnose state and distribution of residual stresses in steel components of the railway turnout (wing rails and switch blades) in the production process. The second part of this chapter includes experimental and simulation studies of superstructure in operational conditions. A track substructure with a crashed stone composite is a solution of reinforced standard track substructure. The results are used to draw conclusions concerning further development and possible modifications of a proposed solution. A significant number of simulation calculations also allow to determine the duration of guaranteed functionality of a reinforced track substructure.
Introduction
The development of the railway infrastructure at the turn of the 20th and 21st centuries and the increase in passenger train speed to V max = 300-350 km/h and freight train speed to V max = 140-160 km/h on some routes are the results of railway vehicle design improvement and railway infrastructure optimization.
Track superstructure allowing to reach high speeds and transfer even higher stresses and loads up to 25-30 tonnes per vehicle axle is required to meet very strict strength and durability requirements.
The infrastructure is subject to complex dynamic effects, changing with the increase in load and speed. In the last several decades, standard railway track structure have not change significantly, even though it is subject to studies and improvements aimed at increasing railway traffic safety and limiting operating costs.
The durability of the track superstructure is also affected by the quality of materials used, e.g., steel components used in production of railway turnouts. Steel components of the track superstructure (rails, switch blades) show internal stresses even in the manufacturing process due to process treatment including surface hardening and bending. The treatment introduces additional energy to the material, i.e., stresses, which does not weaken the material, although may affect component operation and result in damage.
Review of the literature
Standard railway tracks include a permanent way with the rails and the sleepers on a ballast, operating under load in elasto-plastic state. The ballast is a source of permanent (plastic) deformation. The advanced technological and material solutions allow the operation of the rail bed under operating load in elastic state [1, 2] . Several developed mathematical models of the railway track, its components, and the effect of a vehicle on the track have been detailed in [4, 5] .
Nowadays, a finite element method (FEM) is one of the most commonly used methods in addressing complex engineering issues. The method can be used in many fields, to easily create various areas and shapes of complex geometry. Numerical methods have been used in railway track component development for several decades. Extended studies have been performed by the Warsaw University of Technology, the Cracow University of Technology, and other research and development institutes. The studies have included residual stress analysis in steel turnout components, i.e., all rails, including flat-bottom rails.
The aim of the numerical calculations is to determine residual stresses in a rail after relieving and to determine the influence of different parameters on stress size and pattern. The results of numerical calculations have been compared to the results of ultrasonic stress measurements. The studies of international researchers have included modeling the effects observed as a result of rail rolling on roller straighteners. The studies [7] have included rail models and residual stress patterns after rolling simulation and the effect of the rolling process on stress size and pattern. A finite element method, as a basic tool in today's mechanics, has also found its use in railway track and bed development.
As mentioned in various studies, the authors of refs. [8, 12] have presented the results of numerical calculations for created models, as well as the results of measurements performed on testing track sections and in laboratory conditions. The author of this chapter uses FEM for simulation calculations of static and dynamic loads of the railway track components [13] [14] [15] . Standard railway tracks include a permanent way with the rails and the sleepers on a ballast, operating under load in elasto-plastic state. The ballast is a subject to permanent strain resulting in plastic deformation. The advanced technological and material solutions allow the operation of the rail bed under operating load in elastic state [16, 17] . The weakest point of the standard railway track is a compacted crushed stone layer. Several research studies on crashed stone quality, type, and grading as well as on the mechanical compaction methods [18] have been presented. The studies have not given satisfactory results in relation to the reduction of increase in non-uniform plastic strain intensity of the ballast. As a consequence, systematic and frequent repairs are required to eliminate unacceptable geometrical unevenness of a railway track. An energy generated at the wheel/rail interface is transmitted by the rail and rail fixings to the sleepers and via ballast to the rail bed causing an intense vibration field. Kinetic energy increases with the increase in train speed, and as a result, a vibration acceleration of rails, sleepers, ballast, and rail bed increases. It results in considerable tensile stresses within the ballast, affecting internal friction balance and causing ballast to breakup. The ballast subsidence (plastic strain) cannot be avoided, and at the same time it increases with the increase in ballast stresses and vibration acceleration.
Crashed stone ballast layer is subject to tensile stresses. Vibrations in the ballast layer cause acceleration exceeding the acceleration of gravity g, further reducing ballast resistance to tensile stresses. Crashed stone ballast layer at sleeper and ballast interface at operational loads is in a spatial compressive stress state. The principal stress tensor can be described as σ 1 > σ 2 > σ 3 > 0. It means that the crashed stone ballast is in a tri-axial compression state thus creating the best conditions for ballast operation. The most adverse conditions can be observed when the ballast is subject to pulsating and variable tensile stresses. Further analysis shows that the tensile stresses are most likely to occur near the rail fixing point, i.e., point of wheel-ballastcrashed stone ballast load transmission and in the areas from the side of the ballast face. Top ballast layer in those areas requires protection against factors that may cause deconsolidation. Stress analysis in the track subgrade shows that the tensile stresses decay in the track subgrade at the depth of 60 ÷ 80 cm.
Residual stress
Residual stresses are considered stresses counteracting each other inside the component, which is not affected by any external loads. Internal loads are a measure of elastic strain energy stored in a specific body area and are additional component loads. Assuming a plane internal strain state of the stresses on the component surface (rail), normal and shear stresses can be defined [20] , see Figure 1 .
Components of plane stress state:
• σ x , σ y , σ z • τ xy , τ xz = τ yz = 0 The stresses on the rail surface are defined by normal stresses and tangential stresses σ n , σ t .
Each component at the rail surface without load meets the following condition:
For those conditions, the relation between strain and stress is as follows:
Residual stresses σ z and σ t can be determined based on Equations (4) and (5):
Components of plane stress state on rail surface [21] .
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The phenomenon of residual stresses
The residual stress arises in the case of heterogeneous plastic deformation caused by
• bending and cold rolling
• thermal stresses
• heterogeneous phase transitions
For steel railway superstructure components, occurrence and change in residual stresses are due to thermal stresses and plastic strain resulting from bending and cold rolling.
Thermal stresses are a result of non-uniform phase transitions due to thermal treatment, including surface hardening, used for shaping the steel turnout components. The treatment aims to increase hardness of the surface layer of a wing rail or a switch blade.
The effect of generating residual stresses in this case is more complex compared to heterogeneous cold strain. It is affected by a temperature gradient and resulting thermal stresses, including phase change processes, recrystallization, relaxation, and dependence of material properties on temperature. For steel railway superstructure components, occurrence and change in residual stresses are due to thermal stresses and plastic strain resulting from bending and cold rolling. Thermal stresses are a result of non-uniform phase transitions due to thermal treatment, including surface hardening, used for shaping the steel junction components. The treatment aims to increase hardness of the surface layer of a wing rail or a switch blade.
Residual stresses in hardened steel components are due to a martensitic transformation at lower temperatures, where an overcooled austenite transforms into a martensite-a phase with lower density or other structures depending on requirements and thermal processes (hardening). The transformation of overcooled austenite can be conveniently analyzed based on an austenite decomposition graph, also called isothermal transformation diagrams (or time-temperature-transformation (TTT) diagrams). If the thermal and textural stresses overlap, as is the case with steel hardening, the direction and the size of residual stresses after the temperature is even in the component cross section are determined by the offset in the transformation initiation stage in the surface area and in the core in relation to the moment the thermal stress sign reverses. In other words, the textural stresses tend to increase or reduce the thermal stresses depending on the cross section, cooling rate, and steel hardening capacity [20] . The depth of hardened layer also affects the distribution of residual stresses after hardening. Non-uniform plastic strain or temperature gradient will thus result in residual stresses. The rails and switch blades after rolling and quenching do not often meet the requirements on straightness and require straightening using special roller straighteners. Maintaining the required rail straightness is particularly important at high travel speeds. The process introduces significant longitudinal residual stresses. For rails straightened on the roller straighteners, as a result of variable strain of surfaces in contact and not in contact with the rollers, 150-300
MPa residual stresses over the running surface of a head and at the bottom of a rail foot, and -100 to 200 MPa compressive stresses at a rail web are recorded.
Experimental studies of residual stresses
Residual stress values can be obtained by experiments and theoretical analysis. The methods of theoretical determination of residual stresses involve solving complex thermal, elastic, and plastic relations. It is a complex solution, due to lack of accurate data on actual loads exerted on an object. The theoretical analysis of residual stresses is bound up with the elastic theory and elastic properties, plastic flow and material hardening, heat transfer, phase transitions, thermal expansion, structure, and thickness of surface layer. The complexity of processes that occur in the material during process treatment means that the results of the theoretical analysis are based on simplified models and cannot be used to evaluate the residual stress state even in components with straight geometry and require use of the experimental method. The residual stresses have been the topic of interest for the researchers and scientist for several decades. Thus, various methods and techniques for measuring the residual stresses were developed. Generally, residual stress measurement methods in steel components can be divided into two categories: destructive and non-destructive methods. Destructive methods do not allow to determine the quality of tested objects without damage, whereas non-destructive methods allow multiple tests on the same object.
Ultrasonic method used by the author to determine the residual stresses is based on the relation between ultrasonic wave velocity and stress. Ultrasonic wave velocity is determined with an accuracy of a fraction of a meter per second to measure the residual stresses with required precision. To measure the absolute values, the effects of temperature and non-uniform distribution of elastic properties and material texture on the wave velocity must be allowed for. A relatively easy and simple method is the ultrasonic measurement with DEBRO-35 instrument. The method uses electro-acoustic effects, i.e., a relation between stress and velocity or time the ultrasonic wave requires to cover a specific distance (at the surface zone). The residual stresses are measured using a special measuring head system that records longitudinal and lateral surface waves ( Figure 2 ).
The meter measurement circuits allow for the effect of rail temperature change to the velocity of wave propagation. The head system features temperature sensor, providing information required for automatic compensation of a velocity of wave propagation at different temperatures.
The advantage of the method is the ability to perform non-destructive testing in field conditions, compact and easy-to-use system, and the ability to display the measurement results. In addition, the preparation of tested section surface does not require time-consuming operations.
The experimental wing rail and switch blade tests
Experimental rail section tests were performed on components subject to rolling, surface hardening and bending into wing rails used in the railway turnouts.
The transverse bending of the switch blades and wing rails
The specimens were bent in the steelworks manufacturing railway turnouts (former Koltram S.A., Zawadzkie), involved three-and four-point bending. Figures 3-6 show the method of section bending including the point of support and force causing the strain as well as cross sections used.
The specimens were bent in the steelworks manufacturing railway turnouts (former Koltram S.A., Zawadzkie), involved three-and four-point bending. 
Results of residual stress measurement-bending process
The diagrams ( The results of measurements for residual stresses obtained with ultrasonic testing show after the bending tests that in case of four-point bending the distribution and size of residual stresses is more favorable and uniform compared to the three-point bending case. Numerous research works and service observations show that from practical point of view, the most dangerous proves to be the maximum tensile stress σ max , which may accelerate the development of cracking process and cause permanent deformation of the steel components.
Surface hardening switch blades and wing rails
After the bending process, the switch blades and wing rails are subject to a pearlitizing process in the course of hardening the rolling surfaces. As a result of flame heating of a rolling surface to the depth of up to 20 mm, and subsequent cooling with water mist and compressed air, a fine pearlitic structure with specified hardness is obtained. The heat stream from flame heating is generated by the special nozzles (burners) installed on the surface hardening station. The temperature of heated running surface shall not exceed 673K (400°C). Figures 11 and 12 show hardening zones of steel components. The diagrams presented further on (Figures 13 and 14) show examples of longitudinal stress changes at the circumference of rail and switch blade after hardening and bending processes for the selected sections. Railway Research -Selected Topics on Development, Safety and Technology 126
FEM simulation studies
The subject of the numerical analysis in this paper is simulation of three-and four-point bending, rolling, and surface hardening processes of the section samples of UIC 60 rail and I60 switch blade. The analysis concerns strains and stresses generated in the course of the abovementioned technological operations. The main purpose of the numerical calculations is to determine residual stresses in the rail after the relief that happens after bending and/or hardening process. It is also to define the influence of different test parameters on the size and distribution of stresses. Structure models and numerical calculations were made using the ABAQUS-a software with an extensive capabilities of non-linear analysis of physical issues, including mechanics of the deformable solids. Figure 15 shows experimental curve-stress σ vs. strain ε for a single axis steel tensile test (black line). Young's modulus E = 210.000 MPa and Poisson ratio ν = 0.3 were used for calculations. Point A is defined with a non-proportional elongation proof stress σ A = 629.7 MPa. Point A in the approximation curve divides the elastic state from the plastic-elastic state with hardening. Point B is selected at the curvilinear hardening section for stress σ B = 900.0 MPa. Point C is determined by maximum stress achieved during test, i.e., temporary strength R m = 1069.0 MPa. Besides, stress and strain values for the approximation curves (red line) were determined for each temperatures represented in Figure 15 . 
The material of the model

Load and boundary conditions
The way of support and the load application used in the experiment were replaced by ideal boundary conditions in the numerical model. The calculation process was divided into two steps. The first corresponding to the loaded state condition, and the second corresponding to the condition realized state. The way of support was defined by reduction of the specific degrees of freedom in the nodes, which correspond to the experiment are present in the support sections ( Figure 16 ). During simulation of the surface hardening, the rail may show longitudinal displacement as a result of material expansion due to rolling surface heating. During simulation of the rail section rolling, the roller force on the rail and the roller speed are set. The load was increased gradually (incrementally), and the system of equation was solved to determine the increment in strain, stress, and displacement. The rail was supported by two adjacent rollers at specific centers ( Figure 17 ). Figure 17 . Finite element models of UIC 60 rail with boundary conditions and loading-the rolling process.
Results of numerical analysis
Several simulation calculations covering different variants of section bending, surface hardening, and rolling process were performed. Figures 18-21 show the results of computer During simulation of the rail section rolling, the roller force on the rail and the roller speed are set. The load was increased gradually (incrementally), and the system of equation was solved to determine the increment in strain, stress, and displacement. The rail was supported by two adjacent rollers at specific centers (Figure 17 ).
Several simulation calculations covering different variants of section bending, surface hardening, and rolling process were performed. Figures 18-21 show the results of computer simulation for UIC 60 rail and I60 switch blade models. The figures show contours of the of reduced stress σ HM and residual stress σ 11 after relief. Figures 18-21 provided a number of interesting data in addition to the experimental tests. A location of extreme stresses around the periphery of analyzed objects may be determined based on the results obtained.
Numerical calculation results shown in
The evaluation of residual stresses
Use of ultrasonic measurement method (DEBRO-35 measuring instrument) and computer simulation allowed to develop a method to diagnose state and distribution of residual stresses in steel components of the railway turnout (wing rails and switch blades) in the production process [15] . The method involves summation of residual stresses measured prior to treatment (bending, hardening) and stresses during simulation. The method allows to assess the level and distribution of residual stresses achieved using different bending or hardening processes. The example results of diagnosing residual stresses are shown in Figures 22 and 23 . Contours of residual stress σ 11 of rail UIC 60 after rolling process [14] .
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Operational research of superstructure
Experimental studies
Using crashed stone composite in the form of a ballast bed reinforced with geogrids and local chemical stabilization of crashed stone is one of the possible answers to the question how to improve the ballast resistance to deformation. The solution has been developed by the Division of Transport Infrastructure of the Warsaw University of Technology Faculty of the Transport (by T. Basiewicz, K. Towpik, A. Gołaszewski) [22] . The proposed crashed stone composite comprises a layer of crashed stone reinforced with a geogrid and stabilized with a polyurethane resin. The track superstructure with a crashed stone composite ensures a complex mechanical and chemical resistance of the ballast to deconsolidation. Mechanical resistance is ensured by reinforcement with at least two geogrids. The first geogrid covers the area of ballast contact with a subgrade. After the first crashed stone layer is laid and compacted, the second geogrid is placed. After the second layer of crashed stone is laid (to obtain a required thickness of ballast under the sleeper, as per standard requirements), it is compacted and supplemented to the standard shape of a stockpile. In the final stage with a dynamic surface stabilization, the structure is chemically stabilized with a special polyurethane resin by injection. Figure 24 shows the layer of ballast reinforced with the geogrid and the resin.
The key purpose of the track geometry measurements for the track structures section with crashed stone composite was to evaluate the deformability of the track vs. the adjacent where S z is the standard deviation for vertical irregularities, S y is the standard deviation for horizontal irregularities, S w is the standard deviation for track twist, and S e is the standard deviation for track gauge.
The studies [22] present complete test results covering the entire test period. Figures 25 and  26 show selected test results for track superstructure with crashed stone.
Simulation studies
The simulations complement the experimental tests performed at the section of "CMK" (railway central trunk line-an element of the Polish railways network). Figure 27 shows a schematic railway track model used in simulation calculations, allowing for the rigidity and attenuation of each railway superstructure component. 
Model geometry-Finite element grid railway track
Structure models and numerical calculations were made using the ABAQUS-a software. A geometry of a numerical model is defined as a grid of nodes indicating position and size of finite elements. Simplified numerical models of the superstructure were developed, including a single sleeper or three sleepers buried in the ballast.
Due to the complex shape of modeled structures, apart from cuboids with six walls, additional three-dimensional components were also included, solids with a triangular base (with five walls). Square components are considered the most relevant for the description of the issues with bending as a prevailing treatment to better describe stress concentration and allow better approximation of curved shapes with lower number of elements. Figure 28 shows FE railway track models.
For simulation purposes, the interfaces between each of structure components were determined since the development of a complete model grid with the same degree of detail is not feasible. The grids for various components may vary in size. The interface is a surface connecting two adjacent grid segments with various grid densities to maintain the model continuity ( Figure 29 ). It enables a proper distribution of load on adjacent grids to maintain the 3D model homogeneity. For simulation purposes, the interfaces between each of structure components were determined since the development of a complete model grid with the same degree of detail is not feasible. The grids for various components may vary in size. The interface is a surface connecting two adjacent grid segments with various grid densities to maintain the model continuity ( Figure 29 ). It enables a proper distribution of load on adjacent grids to maintain the 3D model homogeneity. 
Material model
In studies on the built simulation models, the parameters of stiffness and damping elements included in the track construction (Table 1) were also taken into consideration. For simulation purposes, the interfaces between each of structure components were determined since the development of a complete model grid with the same degree of detail is not feasible. The grids for various components may vary in size. The interface is a surface connecting two adjacent grid segments with various grid densities to maintain the model continuity ( Figure 29 ). It enables a proper distribution of load on adjacent grids to maintain the 3D model homogeneity. 
Model load and support conditions
Means of support used in the course of testing were substituted with ideal boundary conditions in the numerical model. A static and dynamic cylinder thrust of the cylinder on the rail and the speed of cylinder rotation simulating the vehicle speed were set. The load was increased gradually (incrementally), and the system of equation was solved to determine the increment in strain, stress, and displacement. Support conditions are defined by a specific loss of degree of freedom, preventing from displacement in specific directions (Figure 30 ).
Results of simulation calculation
The selected results of numerical calculations, obtained using 3D models of a reinforced railway track in different arrangements, are shown in diagrams as Huber-Misess reduced stress contours and strain maps. The Huber-Misess hypothesis of the largest shear stress and the shear strain energy hypothesis are used in the calculation of structures and machine parts with elastic-plastic materials. Figures 31 and 32 show numerical calculation results.
Within the course of simulation, the extreme stresses appeared at the wheel/rail interface. An increase in stress and strain is observed with the increase in a number of load cycles. A location of extreme stress values around the periphery and inside the analyzed structure may be determined based on the simulation results. The simulation calculations will be used to determine the strength properties of suggested track substructure reinforcement at various static and dynamic loads. The advantages of the simulation include a reduced cost compared to service tests and mapping of the load in these tests, which would have taken years in operating conditions conditions in the numerical model. A static and dynamic cylinder thrust of the cylinder on the rail and the speed of cylinder rotation simulating the vehicle speed were set. The load was increased gradually (incrementally), and the system of equation was solved to determine the increment in strain, stress, and displacement. Support conditions are defined by a specific loss of degree of freedom, preventing from displacement in specific directions (Figure 30 ). 
The selected results of numerical calculations, obtained using 3D models of a reinforced railway track in different arrangements, are shown in diagrams as Huber-Misess reduced stress contours and strain maps. Means of support used in the course of testing were substituted with ideal boundary conditions in the numerical model. A static and dynamic cylinder thrust of the cylinder on the rail and the speed of cylinder rotation simulating the vehicle speed were set. The load was increased gradually (incrementally), and the system of equation was solved to determine the increment in strain, stress, and displacement. Support conditions are defined by a specific loss of degree of freedom, preventing from displacement in specific directions (Figure 30 ). 
The selected results of numerical calculations, obtained using 3D models of a reinforced railway track in different arrangements, are shown in diagrams as Huber-Misess reduced stress contours and strain maps. The Huber-Misess hypothesis of the largest shear stress and the shear strain energy hypothesis are used in the calculation of structures and machine parts with elastic-plastic materials. Figures 31 and 32 show numerical calculation results. 
Duration of guaranteed functionality
The duration of guaranteed functionality is a graphic representation of a fatigue performance of any railway track component as a function of operating load. At the initial operational stage, a slope of a strain accumulation curve for railway track structure is close to 90° and results from the railway track stabilization (subsidence). The next stage includes operation under load until the slope of a strain accumulation curve aims to reach higher values. Based on the simulation results obtained by the author of this chapter, as well as test results [22] , the author have attempted to plot the curves describing the service life of selected railway track components. Figure 33 shows test results and simulation results contributing to the plastic strain relation as a function of operating load.
The graph shows a comparison of plastic strain vs. load at the testing track section, with or without railway track reinforcement using a geogrid and a resin. A curve plotted using simulation calculations is also included, although due to a long calculation time, the simulation curve is limited to 18 Tg load. The determination of a strain accumulation curve slope requires further tests and analyses to increase the operating load and continue observations.
Development and testing of superstructure
The track superstructure as a basic element of the railway system is crucial to the operation and safe management of the railway traffic. Changes in operating conditions of the railway, i.e., increased operational speeds of passenger trains up to 350 km/h or increased operational speeds of freight trains as well as increased permissible load up to 250 kN, result in higher Experimental and Simulation Study of the Superstructure and Its Components http://dx.doi.org/10.5772/61517 139 requirements for the track superstructures. The changes result in higher forces and vibration levels exerted on the superstructure. In addition, the economic aspects will force the designers and infrastructure operators to optimize the maintenance costs. A need to reduce the costs is one of the causes of using non-standard superstructures for high-speed rail networks. High operational speeds result in high ballast wear due to increased friction between the crashed stones. Increased wear requires more frequent ballast make up or replacement. Both standard requirements and technical specifications for interoperability (TSIs) guidelines for environmental protection, e.g., level of noise and vibrations are also key factors in improving track superstructure.
A question can be asked, if at the passenger train speeds over 350 km/h, is it reasonable to use standard ballast superstructure or use ballast-free solutions? More and more often, new solutions utilizing different materials used in the road engineering are also implemented in the railway solutions, including geomesh, geotextile, and various polyurethane resins, which may increase strength and durability of superstructures. It is also advisable to continue tests on fatigue effects at the rail/wheel interface and interactions between those surfaces. Incorrect mating between the railway vehicle and the rail may result in defects and damage to the running surface. Incorrect mating between the rail and the wheel may result from wheel polygonization and use of high-power trains, where incorrect wheel sidle protection (WSP) system is to prevent incorrect braking and starting. In high-speed trains, apart from basic braking system, also cleaning brake inserts are used to remove fouling from the running surfaces of wheels and railway track rails on which the trains travel. 
Conclusions
The data presented in this section are a result of experimental and simulation tests performed by the author during 10 years of the research and scientific career. The discussed issues are a subject of interest for both manufacturers and experts responsible for the condition of a track superstructure. The stresses may affect the internal energy state of the material, phase changes, and corrosion of the material, reduce fatigue strength, and cause damage to the rails. The stresses are also one of the causes of accelerated development of standard railhead defects. The presented method of residual stresses evaluation using ultrasonic testing and numerical analysis in the course of the production process provides control over size and distribution of internal stresses due to bending and hardening processes. Another area of interest was related with the track superstructure tests, in particular involved seeking design solutions to reduce the maintenance costs by extending the time between repairs of the track superstructure components. The optimization of the maintenance costs by using advanced solutions in the track superstructure design may be an interesting method to extend its durability. The presented test results are the inspiration to continue the research in this area and seek new solutions, e.g., optimizing maintenance costs of the railway infrastructure, and determining structure durability using simulations.
